The human birth process is powered by uterine contractions that have observable patterns that depend on the physiology of muscular activity. We explored a previously designed model 1 simulating the uterus to assess global contractile patterns. The model is a cellular automaton that simulates the complexities of uterine activity from a few simple rules of cellular interaction and uterine geometry. Multiple experiments using the cellular automaton involved different uterine shapes, cell numbers, and initial distributions of active and resting cells. Results demonstrate complex contraction patterns similar to those observed in human labor. At least 2 modes of behavior appear in the simulations, one consistent with effective labor and one not. Experiments with cellular automata provide insights into stereotypic and disordered labor patterns that produce patient discomfort without progress in labor. We hypothesize that complex uterine contraction patterns may have other roles in the preparation for labor and birth.
Introduction
Attempts to characterize the differences between successful and unsuccessful labor by a variety of uterine activity measurements have not generally clarified the underlying mechanisms. Aberrations are identifiable but do not explain the specific dynamic mechanisms that produce labor problems. Seitchik and others have hypothesized that these problems relate to peculiarities in uterine function rather than to differences in labor management. 2 A sound understanding of the mechanical basis of uterine function and dysfunction will clarify the labor process. Without this fundamental knowledge, it is unlikely that a sensible approach to therapy can evolve. Because the pregnant human uterus is not accessible for controlled physiologic experimentation, models must be used.
From a modeling point of view, the uterus is structurally simple but capable of complex functional dynamics due to the interactions of billions of constituent cells. We previously described a discrete model designed to simulate the uterus. 1 This model is a cellular automaton that describes possible mechanisms of uterine function and dysfunction. It demonstrates the possibility that complexities of uterine activity can be modeled from a few simple rules of cellular interaction and uterine geometry. Here we continue to explore the functional aspects of this model by multiple experiments involving different uterine shapes, cell numbers, and initial distributions of active and resting cells.
Materials and Methods
Several models of 2-dimensional (2D) ellipsoids in 3-dimensional (3D) space were constructed from measurements based on the anatomic diagrams of Hunter Anatomia Uteri Humani, as well as differently shaped ellipsoids of revolution. In the experiments, the numbers of cells in an ellipsoid vary from 857 to 10 122. 3 All the models' cells are functionally the same size and shape. Each cell exists in 1 of 8 states (0, 1, . . . , 7) as seen in Table I . A list of simple rules determines the state of each cell as a function of its own state and that of its neighbors in the previous iteration. State 7 is the ''propagating state,'' which transmit impulses to dormant neighboring states; states 5 and 6 are the refractory states that generate pressure, states 3 and 2 are the refractory states that no longer generate pressure, and states 1 and 0 are dormant states ready for propagation. A cell in state n (0) at time t moves to state n À 1 in period t þ 1. Dormant cells (state 1 or 0) can become propagating states at time t þ 1, if they have a neighboring cell that is propagating (state 7) at time t.
The basic physiology for this model derives from the Hodgkin-Huxley equations that describe the physiology of excitable tissues. These equations describe slow and fast ionic exchange channels underlying the mechanics of impulse propagation and depolarization. 4 Up to 2 pacemakers can be arbitrarily defined in the model; their possible impacts are one of the foci of this study. An automaton with 10 122 cells in various states is seen in 2 perspectives, front and back, in Figure 1 .
Each simulation, except where specifically indicated, was started with a pseudorandom distribution of cell states and run for 65 536 time intervals. If each time unit is equivalent to 1 second of actual time, then actual time represented is 18.2 hours. The same pseudorandom distribution was used in each subsequent experiment for that particular model but with a few cell states altered. A detailed description of the automaton is found in Appendix.
Programs for data generation were written in QBASIC ver 7.1 (Microsoft Corporation, 1985 -1990 
Results

Start-Up
When the system is started in a random initial state, a transient characteristic of the initial state appears. Propagating cells (those cells that are able to transmit an impulse to adjacent cells) appear at randomly determined sites across the surface of the model. Large areas become active, refractory, and then quiescent. Waves of depolarization begin, sweeping over the surface in all directions. Complex organization appears as seen in pressure generation scatter plots ( Figure 2 ). Activated areas collide, propagate, and are annihilated. Vortices or rotors appear at various locations on the surface. Movie 1 demonstrates this progression (http://deepblue.lib.umich.edu/handle/ 2027.42/64344). Normalized pressure is used as the summary statistic of this complex dynamic. Designage a point on the axis of symmetry of the uterus inside the surface of revolution. At each time period, take the vector sum of the vectors from this designated point to each propagating state (state 7) and normalize so that its length is one. This normalized vector can be seen in the attached movies; its vertical component is the summary statistic in the attached figures.
Small amplitude oscillations in normalized pressure are superimposed on a high baseline pressure that is analogous to uterine tone ( Figure 2 ). Oscillations are regularly cyclic or highly variable and appear interrelated in complex patterns.
When there is no pacemaker, the whole uterus comes to rest after variable lengths of time. The time interval between starting and complete rest is a function of the number of cells, the initial random state, and the geometry of the surface (Figure 3 ). Gradually decreasing pressure waveforms with varied amplitude end in a precipitous fall to baseline over a brief interval. Without a pacing impulse, like a child's windup toy, the automaton runs out of driving energy and stops when it reaches a final state where all of its cells are at rest.
Pacemaking
Started in a random state with a single pacemaking cell located in the uterine fundus and an arbitrarily determined fraction of resting cells, all models tested generate a starting transient of varying duration. After a variable interval, complex organization occurs and slowly the pacemaker becomes the dominant source of impulse propagation. Intrauterine pressure falls and the frequency of contractions decreases. The automaton then enters a different mode of activity; waves of peristalsis are propagated in a more orderly fashion along the long axis of the uterine automaton. The peristaltic waves become directed more toward the outlet, as occurs in normal birth.
There are clearly at least 2 characteristically different modes of activity: a disordered and an ordered state ( Figure 4 ). This bimodal pattern is depicted another way in a phaseÀspace plot ( Figure 5 ). None of the models where this transition occurred are observed to return from the stable contraction cycle to the previous disordered mode of activity.
When 2 pacemakers at differing frequency are present, the models continue to have 2 different modes of activity but with more complex interactions of contractile waves ( Figure 6 ). Figure 7 demonstrates the evolution of coherent spiral or vorticeal waveform organization over time in 1 model.
Rotors or vortices occur in the early stages of evolution of both paced and unpaced simulations. If a pacemaker is present, most initial distributions of cell states evolve into organized and even symmetric patterns of activation and contraction propagation. Models with more cells show greater detail and smaller vortices, but all the automata observed develop similar patterns. Centers for vortex formation seem to begin in areas where there are singularities at start-up (1 active cell amidst larger areas of refractory cells). 5 The movies and audio narrative illustrate the evolution of patterns in a representative experiment. Early in the simulation, impulse and contraction waves appear to propagate in various directions, even moving from the ''cervix'' toward the ''fundus'' (movie 1: http://deepblue.lib.umich.edu/handle/ 2027.42/64344). Over time, the orientation of pressure waves progressively becomes more perpendicular to the long axis of the automaton. As this occurs, electrical depolarization becomes more regular and more clearly directed from the fundus of the automaton toward the cervix (movie 2). Large areas of resting cells appear; at times the uterus is entirely at rest. Once this occurs, pacemakers initiate uniform activity and the uterus begins to contract in a regular and organized pattern (movie 3). Contractions are more widely spaced in interval and produce peristaltic-type waves that would effectively propel the uterine contents.
A small number of initial configurations produce circumstances where no emergent activity occurred. Characteristically, these demonstrate either stable vortices or re-entrant foci of activation, or both. In many of these cases, only one of the pacemaking areas is active as the other is continuously surrounded by refractory cells that do not permit propagation of impulse. Another rarely seen variant is the annihilation of a partially propagated impulse produced by ectopic but stable activation elsewhere on the surface.
Sensitive dependence on starting conditions is a phenomenon seen throughout all experiments. Small manipulations in initial cell state proportions change emergent behaviors. In some models, the bimodal behavior appears with small increases in the number of resting cells, disappear with further additions, and then reappear with additional resting cells.
The volume of data produced by the automaton is large and includes summative information on the state of individual cells in the matrix. At each time interval the complete distribution of cell states is available for assessment. The number of cells in each state shows a complex level of interaction as the automata evolve over time (Figure 8 ).
Comment
Cellular automata have been shown to model various physiologic systems successfully. [6] [7] [8] Given a few simple rules, these automata evolve into complex modes of organization that ordinarily could not have been predicted from the starting state. The automata described here typify 2D automata with regard to the appearance of emergent phenomena, particularly the development of vortices, rotors, or waves of depolarization. 5, 9 Sensitive dependence on initial conditions in the models described here, as well as the appearance of basins of attraction and fractal structures in the data, suggest strongly that they function, at least at times, in chaotic fashion. The hypothesis that various organs demonstrate properties of fractal structure and function has been advanced by Goldberger and many others. 10, 11 Nagarajan and others have written specifically about the possibility that human uterine muscle functions in the manner of complex dynamical systems. 12, 13 The data presented here show that for automata designed to mimic the pregnant human uterus, the geometry, the resulting topology, and the initial conditions affect the way in which the automata function. Kephart's studies on the relation of topologic change to the evolution of emergent behavior in automata predict the kinds of changes that we observed. 14 Figures 3 and 4 , now with 2 pacemaking areas at differing frequencies, are bimodal but generate more complex wave patterns with many more variations. model demonstrates several modes of behavior characterized by global, synchronous activity under certain circumstances and not under others. Some of the patterns of depolarization are similar to those seen in vivo by Eswaran and others. 15, 16 We believe that observations from this model have implications for actual clinical circumstances.
This uterine
Only when pacemakers were present, did sustained, wellorganized activity emerge over time and organize in bands of contractile activity perpendicular to the uterine axis. Although the existence of uterine pacemakers in humans remains speculative, Larks' early work exploring the electrical properties of the contracting human uterus revealed strong electrical evidence of a specific pacemaker area. 17 The anatomic studies of Toth and Toth also suggest the possibility of 2 separate specialized areas of the human uterus that may be responsible for enhanced conduction or possibly uterine pacing activity consistent with Caldeyro-Barcia's observations of fundal dominance in normal progressive labor. 18, 19 Garfield's discovery of gap junctions between myometrial cells strongly implies the presence of complex information networks. 20 The evolution of patterns of electrical activity seen in electrohysterography on primates and humans in real labor can be explained by the activity of one or several pacemaking zones producing depolarization and organization patterns similar to those seen in the models illustrated here. 21 This model shows behavior consistent with 2 phases of clinical labor, a latent phase and a later active phase.
Without pacemaking, short-lived, complex organized activity spontaneously developed early in the simulations but was neither synchronous nor sustained. This is consistent with the progression from dyssynchronous to synchronous activity observed in human and animal labor. Because of the physics of peristalsis, apparently disorganized contractions seen early in the simulations would not be optimally effective in producing cervical dilatation or descent. However, side-to-side and bottom-to-top contraction waves might cause the attitude of the fetus to change. Such contractions might ''package'' or adjust the fetal position for best fit during birth, even though having limited impact on cervical dilatation. Observation of this model in various states help to explain the stereotypic and disordered labor patterns described by Seitchik, particularly among nulliparae, which produce patient discomfort but no progress in labor. 2 Seitchik suggests that the problems produced in the labor room may be more intimately related to the dynamics of organ function than the therapy currently applied. The models shown here are not exhaustive and represent sample circumstances for small variations in initial states. In fact, since these experiments were made, newer published studies suggest possible modifications of the model. The relative periods of propagation (electrical activity) and contraction and refractory period were arbitrarily chosen due to a lack of specific data from the literature. Lammers et al recently published studies of guineas pig uterus that suggest modifications of these initial parameters. 22 Although these simulations suggest more questions than answers, they provide a methodology for experimentation and study of several different approaches to labor room problems.
Appendix
One can construct a variety of mathematical open-ended shapes, especially ellipsoids, that mimic the geometry of the pregnant uterus. Grids are defined on these surfaces to any fineness of scale. A 2-dimensional (2D) integer grid-like an Excel spreadsheet-is used to describe the location of the cells on the ellipsoid, with each grid entry denoting the state of that cell. 23 All cells are functionally the same size and shape. The number of individual cells is limited only by the processing speed and memory space of the computer running the model. In the experiments the numbers of cells varied from 857 to 10 122.
At the polar regions, where there are open areas on the grid, cells are added to the mapping to maintain continuity of the surface, for example, the smallest number of cells in any rank where cells are present is 1.
The model characterizes uterine muscle as an excitable tissue capable of activation, impulse propagation, and mechanical activity based on the physiology of excitable tissues described by the Hodgkin-Huxley equations. 4 Contractile activity is followed by a refractory phase in which the mechanisms for activity regenerate. Each cell exists in 1 of 8 states and is programmed to possess characteristic states or behaviors. A list of simple rules describes the state of any cell as a function of its own state and that of its neighbors in the previous iteration (described in Table 1 ).
Because each cell of the automaton may exist in 1 of 8 equally likely states at start-up, there are 8 n possible initial configurations where n is the total number of cells. In the case of a 2000-cell model, there are approximately 1.513 Â 10 1806 initial configurations of the model uterus. 
